Different liver cell types are endowed with immunological properties, including cell-intrinsic innate immune functions that are important to initially control pathogen infections. However, a full landscape of expression and functionality of the innate immune signaling pathways in the major human liver cells is still missing. In order to comparatively characterize these pathways, we purified primary human hepatocytes, hepatic stellate cells, liver sinusoidal endothelial cells (LSEC), and Kupffer cells (KC) from human liver resections. We assessed mRNA and protein expression level of the major innate immune sensors, as well as checkpoint-inhibitor ligands in the purified cells, and found Toll-like receptors (TLR), RIG-I-like receptors, as well as several DNA cytosolic sensors to be expressed in the liver microenvironment. Amongst the cells tested, KC were shown to be most broadly active upon stimulation with PRR ligands emphasizing their predominant role in innate immune sensing the liver microenvironment. By KC immortalization, we generated a cell line that retained higher innate immune functionality as compared to THP1 cells, which are routinely used to study monocyte/macrophages functions. Our findings and the establishment of the KC line will help to understand immune mechanisms behind antiviral effects of TLR agonists or checkpoint inhibitors, which are in current preclinical or clinical development.
Introduction
Infection by microorganisms leads to the activation of the host immune response through a sensing mediated by innate pattern recognition receptors (PRRs). PRRs include Toll-like receptors (TLRs), C-type lectin receptors, RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and DNA sensors, such as IFI16 (Gamma-interferon-inducible protein 16), cGAS or AIM2 (absent in melanoma 2) [1] . Each PRR detects specific pathogen-associated molecular patterns (PAMPs) derived from viruses, bacteria, mycobacteria, fungi, and parasites that initiate the recruitment of distinct sets of adaptor molecules such as Myd88 (Myeloid differentiation primary response gene 88), TRIF (TIR-domain-containing adapter-inducing interferon-β), MAVS (Mitochondrial antiviral-signaling protein), and STING (Stimulator of interferon genes), among others [1] . Activation of those signaling pathways leads to the secretion of many inflammatory cytokines, including interferons (IFN), but also different chemokines and antimicrobial peptides.
The liver is located at the crossroads of the systemic and enteric circulations and carries out important metabolic functions such as detoxification and glucose and lipid metabolism. In addition, the liver performs many essential immune tasks and is considered a secondary lymphoid organ due to the number of flowing-through, infiltrating, and resident immune cells it contains [2] .
Mechanisms of physiologic tolerogenicity are in place in the liver in order to prevent a persistent inflammation in reaction to permanent exposure to gut-derived "microbial degradation products" or even live bacteria, which can pass-through gut mucosa [2, 3] . Among tolerogenic mechanisms, there are checkpoint ligand-receptor systems (i.e., PD-1/PD-L1, CTLA-4/B7-1 or 2…) that modulate T-cell receptor-mediated T cell activity [4, 5] . This physiologic tolerogenicity represents a sort of Achilles' heel of the liver, which consequently can be the target of various pathogens establishing chronic infections [6] .
The liver is, however, also capable of mounting a potent antimicrobial response. The liver tissue environment is composed of highly specialized cell types, including parenchymal and a number of nonparenchymal cells that play a key role in regulating hepatic immune functions. Parenchymal cells, called hepatocytes, account for 80% of liver mass and respond to different type of stimuli [2, 3, 7] . LSEC are also well known to participate in liver immune response by secreting cytokines upon pathogenic stimuli [8] . These cells also play a key role upon danger signal leading to fibrosis since, upon shear stress, they will undergo cytoskeletal remodeling, leading to a loss of fenestration [8, 9] . Hepatic stellate cell (HSC), the liver fibroblasts, and producers of extracellular matrix are localized in the space of Disse, an area between hepatocytes and sinusoids, and thus are not directly exposed to the bloodstream. These cells normally represent 5-8% of the total number of the liver cells. However, upon chronic inflammation, HSC undergo transformation to become myofibroblasts, the activated state of HSC [9] [10] [11] . Once activated, these cells proliferate and start secreting numerous components of the extracellular matrix creating a scarlike tissue [12] . However, during uncontrolled inflammation and scarring/healing process, the overproduction of extracellular matrix induces fibrosis, which can ultimately lead to cirrhosis and favor the development of hepatocellular carcinoma (HCC) [9, 12] . Finally, Kupffer cells (KC), the liver resident macrophages, represent 80% of total macrophages population within the body [13] . As macrophages, they form the first line of defense against pathogens and are specialized in pathogen recognition [14] . In response to stimulation, they produce a large spectrum of cytokines and chemokines that attract other immune cells such as neutrophils or infiltrating monocytes that will differentiate into macrophages upon entering the liver. KCs have a high phagocytic capacity and are implicated in the elimination of aging blood cells and pathogens. KC can subsequently present associated antigens to lymphocytes to reactivate them at the site of injury or infection [13] .
Successful liver pathogens evolved strategies to either passively or actively evade innate and adaptive immunity. Indeed, hepatitis B virus (HBV) and hepatitis C virus (HCV) can persistently infect the hepatocytes. HBV and HCV, chronically infect around 70 and 250 million people worldwide respectively, leading to more than 1.2 million deaths per year (WHO 2017). While curative treatments have been recently developed for HCV [15] , leading to viral clearance in more than 95% of cases, HBV cure is not achievable yet, as available treatments (i.e., nucleoside analogues) only allow the control of viral replication and require lifelong administration [16] . New treatments that could lead to a "functional cure" are currently under evaluation [16] . Among them, TLR7 agonists are evaluated in clinical phase II study after showing promising antiviral effects in preclinical models of HBV infections [17, 18] . Moreover, PD-1/PD-L1 inhibitors are considered to combat the development of several types of cancers [19, 20] , including HCC in chronic HBV infection [21, 22] . Interestingly, they also are currently in clinical trial to treat CHB patients with- 
Material and Methods

Liver Primary Cells Purification and Cells Culture
Peripheral blood mononuclear cell (PBMC) from at least 3 blood donors were isolated by Ficoll gradient cultured in RPMI medium supplemented with 10% of decomplemented FBS and 50 U/mL of penicillin/streptomycin (macrophage medium) at a density of 250,000 cells/cm 2 . Liver cells were isolated from liver resections (online suppl. Fig. S1A and S1B; for all online suppl. material, see www.karger.com/doi/10.1159/000489966) obtained from three surgical departments in Lyon (Centre Léon Bérard, Hôpital de la Croix Rousse and Centre Hospitalier Lyon-Sud) with the French ministerial authorizations (AC 2013-1871, DC 2013-1870, AFNOR NF 96 900 sept 2011). After collagenase treatment, the liver extract is filtered and centrifuged, as previously described [23] . Pellets contain primary human hepatocytes (PHH), whereas supernatants contain remaining nonparenchymal and other liver resident cells. PHH were cultured on collagen layer and maintained in PHH medium (Williams medium supplemented with 5% of fetal clone II serum, 50 U/mL of penicillin/streptomycin, 1× glutamax, 5 µg/mL of bovine insulin, 5 × 10 -5 M of hydrocortisone, and 2% of DMSO) at a density of 250,000 cells/cm 2 . The supernatants (containing all liver cells except PHH) were either used to purify total liver mononuclear cells (LMNC) by Ficoll gradient or used to purify hepatic stellate cells (HSC), KC and LSEC, by a twophase iodixanol gradient [24] (online suppl. Fig. S1A ). LMNC were further cultured in macrophage medium at a density of 250,000 cells/cm 2 . HSC were further cultured in Williams medium supplemented with 10% of fetal clone II serum, 50 U/mL of penicillin/streptomycin, 1× glutamax, 5 µg/mL of bovine insulin, and 5 × 10 -5 M of hydrocortisone at a density of 125,000 cells/cm 2 . LSEC were purified by positive selection with CD146 microbeads (Miltenyi Biotec) and culture in LSEC medium (MCDB131 supplemented with 20% of fetal clone II serum, 50 U/mL of penicillin/ streptomycin, 5× glutamax, 35 mM of hydrocortisone, and 10 mg/ mL of cAMP) at a density of 125,000 cells/cm 2 . KC were isolated by negative selection using pan monocyte isolation kit (Miltenyi Biotec) and cultured in macrophage medium at a density of 125,000 cells/cm 2 . At least 3 batches of each primary cells were used to perform the experiments. The photos of the liver resections and the yield of purified cells for each donor are presented in the online supplementary Figure 1B . THP1 (obtained from Thierry Walzer's laboratory, CIRI, Lyon) were cultured and differentiated as previously described [25] . Immortalized Kupffer cells (iKC) were immortalized by transduction with lentiviruses expressing the HPV E6E7 proteins, cultured in macrophage medium and differentiated by a 48-h treatment with 2% DMSO to stop proliferation at a density of 125,000 cells/cm 2 .
RNA Extraction, Reverse Transcription, dPCR, and qPCR
Total RNA was extracted with Nucleospin RNA II (MachereyNagel) and cDNA synthetized using the SuperScript ® III Reverse Transcriptase (Life technologies) according to the manufacturer's instructions. cDNA was first analyzed by digital PCR (dPCR), on a 96 × 96 Biomark HD system (Fluidigm) using EvaGreen ® dye according to the manufacturer's instructions. Primers sequences are presented in online supplementary Table S1 . qPCR analyses were performed using "Express SYBR GreenER TM qPCR SuperMix Universal" (Invitrogen). mRNA expression was assessed by comparative cycle threshold (Ct) method, by normalizing the amount of target cDNA on housekeeping genes: RPLP0 and GUS for dPCR and RPLP0 for qPCR ).
Heat Map Construction and Analysis
Primary results obtain with Biomark HD system were analyzed with manufacturers software (Fluidigm Real-Time PCR Analysis). Construction of the Heat map was performed on MEV software.
Immunoblot Analysis
Cells were lysed in RIPA buffer supplemented with protease inhibitors for 30 min on ice, sonicated and boiled in Laemmli buffer complemented with DTT. Protein concentration was measured by BCA protein assay kit (Thermo Scientific). Equal amounts of protein from total cell lysates (30-40 μg) were loaded onto SDS-PAGE Stain-Free precast gels (BioRad) and transferred onto nitrocellulose membranes (BioRad). The membranes were blocked with TBST (1× TBS with 0.1% Tween 20) +5% milk at room temperature for 1 h and incubated overnight at 4 ° C with primary antibodies. Primary antibodies and their corresponding positive controls used in this study are described in online supplementary Table S2 . Membranes were washed and incubated with horseradish peroxidase-coupled secondary antibody (SIGMA) for 1 h at room temperature. Activity was visualized by chemiluminescence, and the signal was quantified by ImageLab software. Stain-free analysis was performed following manufacturer's instructions. Western blot analyses were performed on a pool of protein samples obtained from at least three different donors. The nature of positive control samples is specified in online supplementary Table S2 .
PRR Stimulation and ELISA
TLR or RLR ligands from Invivogen or Riboxx life science are listed in online supplementary Table S3 . It is worth noting that a low concentration of RIGI/MDA5 agonist (Poly(I/C)-(LMW)-LyoVec from Invivogen) was used (i.e., 0.025 μg/mL) to stimulate cells, as this concentration was found to be not toxic in repetitive administration in HepaRG cells [26] . Cells were exposed to the ligands, supernatants were collected 24 h later, and IL-6/IP-10 concentration were assed using Duoset ELISA (R&D systems) according to the manufacturer's instructions.
Phagocytosis Assay THP1, IKC, and KC phagocytosis capacity was assessed using pHrodo TM Green E. coli Bioparticles TM conjugates for phagocytosis. Cells were exposed for 1 h to the bioparticles at either 4 or 37 ° C. After 1 h, cells were collected by scrapping, and phagocytosis was assessed by flow cytometry using FACScalibur flow cytometer and analyzed using CellQuestPro software (BD Biosciences).
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Results and Discussion
Innate Immunity Gene RNA Expression in Various Primary Liver Cells PHH, LSEC, HSC, and KC were purified from different liver resections (online suppl. Fig. S1A and S1B). RTqPCR analyses using specific markers (i.e., HNF4α for PHH, L-SIGN for LSEC, α-SMA for HSC, and CD68 for KC) revealed a high enrichment for each cell type (online suppl. Fig. S1C and S1D) . The expression level of 53 mRNAs that are known to be involved in pathogens sensing and immune cell regulation was assessed in nonstimulated cells (i.e., basal state) by microfluidic highthroughput quantitative RT-dPCR (Fluidigm, Biomark) assays. As controls, we used total PBMC and total nonparenchymal liver mononuclear cells (LMNC) from different donors that were not infected with HBV, HCV, or HIV.
Interestingly, resident LMNCs showed, overall, higher expressions of the tested genes at basal state compared to PBMC supporting the fact that the liver is important for host immunity [2] . Nonstimulated liver cells showed high expression of cytosolic DNA (i.e., DDX3, Ku70, DHX9, or DHX36) and RNA sensors (i.e., RLR, RIG-I, and MDA-5) compared to PBMC (Fig. 1) . Except for TLR2 and TLR4, which are highly expressed at basal level in KCs, TLR mRNA levels were relatively low in liver cells. In contrast, MyD88, TRIF, and TRAM, the main TLR adaptors, showed high basal expression level in all the different primary liver cells (Fig. 1) and IRF1, 3, and 7, the transcription factors involved in TLR signaling, were detected in almost all tested cells. Similarly, expression of NOD1 and NOD2 (previously described to be functional in hepatocytes [27, 28] ) was barely detectable at basal level, but RIP2, a NOD adaptor protein was detected in almost all cells tested (Fig. 1) . Inflammasome receptor mRNA (NLRP1, NLRP3, NLRC4, AIM2) were also barely detected, whereas mRNA coding for their signaling proteins (ASC and caspase 1) were readily detected in all liver cells. Finally, C-type lectin receptors, SOCS family, PD-1 and PD-L1, and TIM pathways were barely detected in the liver at basal state using microfluidic high-throughput quantitative RT-PCR (Fig. 1) . TLR2  TLR3  TLR4  TLR5  TLR6  TLR7  TLR8  TLR9  MyD88  TIRAP  TRIF  TRAM  RIG-I  MDA-5  MAVS  LGP2  DDX3  cGAS  IFI16  DAI  Ku70  LRRFIP1  MRE11  DDX41  DHX9  DHX36  STING  B-catenin  AIM2  NLRP1  NLRP3  NLRC4  ASC  Caspase 1  IRF1  IRF3  IRF4  IRF5  IRF7  NOD1  NOD2  RIP2  CARD9  Mincle  Dectin-1  Dectin-2  Syk  SOCS1  SOCS3  PD-1  PD-L1  TIM1  TIM3  Gal9  TIM4   RLR 
Innate Immunity Gene Protein Expression and Functionality in Various Primary Liver Cells
By Western blot analyses, we assessed more specifically the expression patterns of PD-L1 as well as a subset of proteins belonging to the TLR, RLR, and DNA cytosolic sensor families in liver cells. TLR1, TLR9, members of the RLR family (RIG-I, MDA-5, and MAVS), and the DNA sensor IFI16 and cGAS proteins could not be detected in any of the tested cells (Fig. 2a) . To confirm whether the mRNAs of these different proteins were indeed negative, we performed standard RT-qPCR analyses, which are more sensitive than Fluidigm ones (used in Fig. 1 ) to detect them. With this method, we were able to detect the presence of these different mRNAs (online suppl. Fig. S2 ), suggesting that those proteins are expressed in liver cells at very low levels at basal state but Table S2 . b KC, LSEC, and HSC from different donors were exposed to the indicated ligands at the concentration indicated in online supplementary Table S3 for 24 h. Supernatants were collected, and IL-6 and IP-10 secretions were analyzed by ELISA. Data are presented as mean ± standard deviation of three biological replicates. could be upregulated upon specific stimulation, as already described [29, 30] . Surprisingly, we could not detect TLR9 proteins either in PMBCs or in LMNCs (Fig. 2a) that should contain pDCs and B cells known to express TLR9 [31] , and as confirmed with pDC purified from PBMC (Fig. 2a, TLR9 , CTR+). This might be due to the heterogeneity of cell proportion between donors. TLR4, TLR5, TLR7, TLR8, and TRIF proteins were detected (although at various levels) in both LMNC and PBMC (Fig. 2a) , whereas TLR3 and STING proteins were only detected in LMNC, suggesting that percentage of the different immune cell populations are slightly different in blood compared to the liver and/or that the liver microenvironment may influence the phenotype of immune liver cells. TLR3, TLR4, MyD88, TRIF, and STING are ubiquitously expressed by KC, LSEC, HSC, and PHH (Fig. 2a) implying that the liver is particularly well equipped to detect lipopolysaccharides as well as cytosolic RNA and DNA [32] . Whereas TLR2 mRNAs were present in all cell types, their level was the highest in KCs (online suppl. Fig. S2 ), which translated at the protein levels as TLR2 protein being only detectable in KCs. In accordance with their phagocytic capacities [3] , KC and LSEC express TLR7 and TLR8 on protein level (Fig. 2a) , both TLRs involved in intracellular ssRNA detection [33] . Interestingly, TLR5 protein was only detected in HSC and PHH (Fig. 2a) . Since these cells are not directly exposed to blood streams, this specific basal expression could be an evolutionary way to detect infiltrating pathogens and avoid persistent inflammation due to the exposition of bacterial components coming from the enteric circulation. Finally, KC [1] but also LSEC highly express PD-L1 protein (Fig. 2a) , highlighting those cells as the main drivers of liver tolerogenic activity [34] . Altogether, we observed that all mRNAs from the tested TLR, RLR, DNA sensors and their respective adaptors are at least expressed by one of the liver resident cell types. While adaptors (Myd88, TRIF, and STING) are detected at the protein level in all cells, a large number of proteins from these pathways are not detected. These results suggest the majority of sensors might be expressed at relatively low levels probably to 0 2,000 4,000 6,000
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8,000 8,000 IP-10 concentration, pg/mL . iKC from three different passages were seeded and cultured for 48 h with 2% DMSO. KC purified from three different donors were seeded and cultured for 24 h. THP1 were seeded and cultured for 48 h with PMA. Cells were then left untreated (a, c), exposed to pHrodo TM bacteria for 1 h at 4 ° C or 37 ° C (b) or exposed to the indicated ligands at the concentration indicated in online supplementary Table S3 for 24 h (d). a, bi Microscopic analyses of cells (×20 magnification) were performed. bii Bacteria phagocytosis was assessed by flow cytometry analysis. c Proteins were extracted, pooled and TLR1 to TLR9, MyD88, TRIF, RIG-I, MDA-5, MAVS, cGAS, IFI16, STING, and PD-L1 protein expression was assessed by Western blot analyses. Target protein levels are normalized to total protein quantification assessed by stain-free staining. Stimulated cells were used as controls (CTR+) for primary antibody efficiencies as indicated in online supplementary Table S2 . d Supernatants were collected, and IL-6 and IP-10 secretions were analyzed by ELISA. Data are presented as mean ± standard deviation of three biological replicates. prevent chronic inflammatory stimulation at basal state [35] . However, in the presence of pathogens, parenchymal and nonparenchymal liver cells might mount an efficient immune response since all the adaptor molecules and the transcription factors are highly expressed already at basal state ( Fig. 1, 2a ). For instance, we previously showed that PHH express a number of PRR and that their agonization can efficiently inhibit HBV replication [36] . PHH responded to TLR1/2, TLR3, TLR4, TLR5, TLR2/6, and RIG-I/MDA-5 stimulation [36] despite the undetectable basal level of expression of several of those PRRs, such as TLR1/2 and RLR proteins (Fig. 2a) . Functionality of TLR and RLR were also assessed in KC, LSEC, and HSC by stimulating cells from three to four different donors with the respective ligands. As expected from the protein expression data (Fig. 2a) , KC produced IL-6 and/or IP-10 in response to TLR1/2, TLR3, TLR4, TLR7, and TLR8 ligands (Fig. 2b) . Similarly, LSEC did also respond to TLR3 and TLR4 but not to TLR7 or TLR8 stimulations (Fig. 2b) suggesting that the amount of those proteins detected by Western blot analysis (Fig. 2a) was too low to derive a measurable response upon ex vivo stimulation with agonists. In contrast, LSEC produced IL-6 and IP-10 in response to TLR2 and RIG-I/MDA-5 ligands respectively (Fig. 2b) , despite the fact that TLR2, RIG-I, or MDA-5 proteins were not detected (Fig. 2a) and only low amounts of mRNAs were detected in those cells (online suppl. Fig. S2 ). HSC mostly produced IP-10 in response to ligands for TLR3, TLR4, and RIGI/MDA5, whereas IL-6 production was very variable from one donor to the other (Fig. 2b ).
Generation and Characterization of an iKC Line
Access to liver resection and therefore primary liver cells is limited. To facilitate the study of liver cells, several models have been implemented over the years as surrogate models of PHH (Huh7 [37] , HepG2 cells [38] , and dHepaRG cells [39] ), LSEC (TRP3 [40] ), and HSC (LX-1 and LX-2 [41] ). However, to our knowledge, no human KC derivate cell line has been described so far. KCs are a unique macrophage population differentiated from myeloid progenitor during embryogenesis and have specific functions, such as self-renewing capacity, which distinguish them from circulating monocytes [42] . We therefore immortalized KC by expressing the E6 and E7 proteins of the papilloma virus [43] to derive a polyclonal cell line (Fig. 3a) . iKC acquired proliferative capacity, far beyond the self-renewing capacity of KC ex vivo. To stop iKC proliferation, cells were treated with 2% DMSO during 48 h for the following experiments. Although to a lower extend compared to primary KC, iKC retained their ability to phagocyte bacteria (Fig. 3bi, bii) . KC, iKC, and THP1 (i.e., the most commonly used monocyte/macrophage-like cell line) [44] [45] [46] had a similar pattern of protein expression for TLR1, TLR4, MDA-5, and STING (Fig. 3c) . Similar to the abolishment of TLR9 expression by HPV [47] , TLR7 and TLR8 proteins were not detected in iKC (and THP1) as compared to KC, whereas higher amounts of TLR5, MyD88, RIG-I, cGAS, and IFI16 proteins were found in both cell lines (Fig. 3c) . MAVS protein was only detected in iKC (Fig. 3c) . Even though, KC and iKC express different amounts of TLR7, TLR8, Myd88, RIG-I, and MAVS proteins, their responses to the respected stimulations were overall similar (Fig. 3d) . Whereas a low basal signal was detected in both KC and THP1, TLR2 protein was not detected in iKC (Fig. 3c ) and response to TLR1/2 agonization was much lower in IKC than in KC (Fig. 3d , to be compared to Fig. 2b ). Interestingly, TLR3, TRIF, and PD-L1 protein expression pattern in IKC was closer to KC than THP1 (Fig. 3c) . Furthermore, KC and iKC strongly responded to TLR3 and TLR4 stimulations (Fig. 3d) . Of note, amounts of secreted IL-6 upon IKC stimulations were 10 times higher than those detected in KC, suggesting that immortalization processes potentiate these pathways (compare Fig. 2b and 3d ). Of note, IL-6 and IP-10 secreted amounts (Fig. 3d) , as well as proliferating capacity (data not shown), decreased with cell passaging of IKC highlight the importance to perform experiments on low passage cells.
To summarize, we provided here a comprehensive analysis of innate immune signaling capacity of the most important liver cell populations and demonstrate their ability to respond to pathogens or PRR ligand stimulation. This knowledge will be useful to understand mechanisms behind antiviral effects of TLR agonists or check-point inhibitors [16, 19-21, 48, 49] , whose development as direct effectors or "adjuvant" in more complex immune-therapeutic strategies are currently investigated to treat cancer and chronic viral infection. For instance, TLR7, TLR8, RIGI, and STING agonists are currently developed to fight chronic HBV infections [16] but our work highlights other ligands such as TLR2 and TLR3 agonists have the best direct anti-HBV properties in HBV-replicating PHH [50] . In addition, in the liver microenvironment, the agonization of TLR2 and TLR3 might trigger the production of antiviral secretion by KC and/or LSEC.
